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major	 goals	 of	 invasion	 biology	 (Kolar	&	 Lodge,	 2001).	 For	 a	 spe-
cies	with	a	broad	distribution	and	strong	population	genetic	struc-
ture	 in	 its	 native	 range,	 the	pooling	of	 all	 native	populations	with	




or	 evolutionary	 characteristics	 that	 enable	 successful	 colonization	






















board	 of	 the	 United	 States	was	 the	 likely	 vector	 in	 the	 introduc-
tions	 of	 the	 ctenophore	 Mnemiopsis leidyi	 to	 the	 Black,	 Caspian,	
North,	 Baltic,	 and	 Mediterranean	 seas	 (Reusch,	 Bolte,	 Sparwel,	
Moss,	&	Javidpour,	2010).	Voisin	et	al.	 (2005)	found	maritime	traf-
fic	promoted	recurrent	 invasions	of	the	kelp	Undaria pinnatifida	 to	
Australasia	from	its	native	range	in	the	Northwest	Pacific.	For	most	
studies,	 however,	 two	 limitations	 hamper	 genetic	 identification	of	
source	and	pathway:	 (1)	 the	 lack	of	 robust	sampling	of	native	and	




of	 the	main	vectors	 facilitating	 the	 hitchhiking	 of	 estuarine	 invaders	
worldwide	 (Ruesink	 et	al.,	 2005).	 For	 example,	 Bonnot	 (1935)	 docu-
mented	 the	occurrence	of	 invasive	mollusks	with	 imported	Japanese	
oyster	 shipments	 to	 North	 American	 estuaries.	 Despite	 the	 recog-









We	 explored	 the	 native	 and	 non-	native	 population	 genetic	
structure	 of	 the	 haploid–diploid	 seaweed	 Gracilaria vermiculo-
phylla	 (Ohmi)	 Papenfuss	 (Rhodophyta),	which	 has	 spread	 from	 its	
native	 distribution	 in	 the	 northwestern	 Pacific	 Ocean	 to	 virtu-
ally	 every	 high-	salinity,	 temperate	 estuary	 in	 Europe	 and	 North	
America	 (Byers,	Gribben,	Yeager,	&	 Sotka,	 2012;	 Saunders,	 2009;	




identified	 through	molecular	 barcoding	 from	 samples	 collected	 in	
1979	 in	Baja	California	 (Bellorin,	Oliveira,	&	Oliveira,	2004),	1994	
in	 Elkhorn	 Slough	 (Bellorin	 et	al.,	 2004),	 1998	 in	 the	Chesapeake	
Bay	 (Thomsen,	Gurgel,	&	McGlathery,	 2006),	 and	 1995	 in	 France	
(Rueness,	2005),	but	these	dates	are	unlikely	the	first	dates	of	es-




2013;	 Nyberg	 &	 Wallentinus,	 2009;	 Thomsen	 et	al.,	 2013),	 the	
source	of	the	invasion	is	known	only	at	a	coarse	spatial	scale.	Kim,	
Weinberger,	and	Boo	(2010)	sequenced	a	portion	of	the	mitochon-
drial	 locus	 cytochrome	 oxidase	 subunit	 one	 and	 found	 the	 non-	
native	 range	was	 dominated	 by	 a	 single	 haplotype	 (Haplotype	 6),	
which	was	found	in	the	Sea	of	Japan/East	Sea.	Unfortunately,	their	




also	 agar	 extraction	 of	Gracilaria	 spp.,	 including	G. vermiculophylla 
(Okazaki,	 1971).	 The	 investigation	 of	 the	 underlying	 evolutionary	
processes	facilitating	this	widespread	invasion	is	limited	due	to	the	
uncertainty	of	the	invasion	source(s).
In	 a	 previous	 study	 describing	 the	 impacts	 of	 the	 invasion	 on	










diploid	 thalli,	 on	average)	 as	 a	 result	of	 asexual	 fragmentation.	We	





of	 the	Gracilaria vermiculophylla	 invasion,	we	analyzed	 the	spatial	ge-
netic	 structure	 of	 the	 thalli	 previously	 genotyped	 (Krueger-	Hadfield	
et	al.,	2016)	as	well	as	thalli	from	25	new	native	and	non-	native	sites.	
Our	 results	 pinpoint	 the	 Pacific	 shorelines	 of	 northeastern	 Japan	 as	




2  | MATERIALS AND METHODS
2.1 | Data generation
2.1.1 | Sample collection
Algal	 thalli	 were	 sampled	 from	 90	 sites	 across	 the	 Northern	
Hemisphere	from	2012	to	2016	(Table	S1).	Thirty-	seven	sites	were	
from	 the	 native	 range	 and	 sampled	 along	 the	 coastlines	 of	 China,	
South	Korea,	and	Japan	 (Figure	1,	Table	S1,	Figure	S1).	Fifty-	three	
sites	were	sampled	along	the	coastlines	of	western	North	America	
(hereafter,	 WNA),	 the	 eastern	 United	 States	 (hereafter,	 EUSA),	
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productive	material	 under	 a	 binocular	microscope	 (40×)	 and/or	 using	
microsatellite	loci	(following	Krueger-	Hadfield	et	al.,	2016).
2.1.2 | DNA extraction, microsatellite and 
mitochondrial cox1 amplification and genotyping
Total	genomic	DNA	was	isolated	and	simplex	PCRs	of	10	microsatellite	
and	fragment	analysis	were	performed	following	Kollars	et	al.	 (2015)	



















(Affymetrix,	 Santa	 Clara,	 CA,	USA)	 and	 incubated	 for	 15	min	 at	

















aligned	 with	 the	 haplotypes	 from	 Kim	 et	al.	 (2010)	 using	 Muscle 
(Edgar,	2004)	 in	Seaview	ver.	4.6	 (Gouy,	Guindon,	&	Gascuel,	2010)	
with	 default	 parameters.	 We	 assigned	 haplotype	 numbers	 using	
Kim	et	al.	(2010),	which	sequenced	a	~1200-	base	pair	fragment.	We	
also	defined	six	new	~1200-	bp	haplotypes	that	were	not	previously	























Studies	 on	 the	 population	 genetics	 of	 clonal	 organisms	 remove	 re-
peated	MLGs	before	calculating	heterozygosity	and	other	F-	statistics	 in	
order	to	avoid	distorting	these	estimates	(e.g.,	Halkett	et	al.,	2005;	Krueger-	
Hadfield,	Collen,	Daguin-	Thiébaut,	&	Valero,	 2011;	 Sunnucks,	 de	Barro,	
Lushai,	Maclean,	&	Hales,	1997).	Following	this	convention,	we	chose	the	
conservative	 approach	 of	 performing	 the	 following	 analyses	 for	 diploid	
MLGs	for	which	Psex	>	0.05	(i.e.,	one	thallus	per	genotype	based	on	Psex).
2.2.3 | Within and between population 
genetic variation
Kollars	et	al.	(2015)	and	Krueger-	Hadfield	et	al.	(2016)	provided	locus	
information,	 the	number	of	 alleles,	 and	basic	 summary	 statistics.	 For	
each	site,	the	average	expected	heterozygosity	(HE)	was	calculated	using	
GenAlEx,	ver.	6.5	(Peakall	&	Smouse,	2006,	2012).	An	estimate	of	the	





thalli)	was	estimated	using	rarefaction	in	the	R	package	poppr, ver. 2.2.1 
(Kamvar	et	al.,	2014,	2015).	For	the	latter	two	diversity	metrics,	sites	
with	less	than	10	diploid	thalli	were	excluded	from	calculations.
We	 calculated	 pairwise	 genetic	 differentiation	 based	 on	 allele	
identity	(FST)	and	allele	size	(ρST)	among	sites	along	each	of	four	coast-






2.2.4 | Multivariate analyses of microsatellite data
To	assess	relationships	among	multilocus	genotypes,	we	pursued	
a	 discriminant	 analysis	 of	 principal	 components	 (DAPC),	 a	mul-
tivariate	 analysis	 that	 avoids	making	 strong	 assumptions	 about	
the	underlying	genetic	model	(Jombart,	Pontier,	&	Dufour,	2009).	
DAPC	 finds	 the	 principal	 components	 that	 best	 summarize	 the	
differences	 among	 clusters	 that	 are	 found,	 while	 also	minimiz-
ing	 within-	cluster	 variation	 (Jombart,	 Devillard,	 &	 Balloux,	
2010),	and	is	implemented	in	the	R	package	adegenet, ver. 2.0.1 
(Jombart,	 2008;	 Jombart	 &	 Ahmed,	 2011).	 The	 procedure	 first	






onto	 the	 discriminant	 axes	 constructed	 by	 the	DAPC.	 It	was	 possible	
to	measure	how	accurately	the	remaining	10%	of	the	 individuals	were	




We	 estimated	 how	 well-	supported	 the	 group	 membership	 was	






in	which	 the	 two	 SNPs	 dominated	 to	 the	 south	 and	 north,	 respec-
tively	 (Figure	1,	Table	1).	 For	 the	 introduced	 range,	we	 treated	each	
coastline	as	a	different	group:	WNA,	EUSA,	and	EU.	The	stability	of	
a	priori	group	membership	probabilities,	derived	from	proportions	of	 
successful	 reassignments	 based	 on	 retained	 discriminant	 functions	 
of	DAPC,	was	high	(>92%)	for	the	native	“C”	haplotype	and	EUSA	and	
EU	subregions,	but	lower	for	the	native	“T”	haplotype	and	WNA	sub-
regions	 (85.3%	and	76.4%,	 respectively;	Figure	S2).	Based	on	 these	








(a) Region “C” Haplotypes “T” Haplotypes C:T Ratio
South	of	~35°N 1–4,	8–15,	17,	27,	30–31 None 1.00: 0.00
North	of	~35°N 26 5–7,	16,	18,	28 0.01: 0.99
WNA 15 6,	19,	29 0.02:	0.98
EUSA 15 6 0.01: 0.99
EU None 6,	18 0.00: 1.00
(b) Biogeographic province Ecoregion “C” Haplotypes “T” Haplotypes
Cold	temperate—Kurile Sea	of	Okhotsk None 6
Oyashio	Current 26 6
Northeastern	Honshu None 6
Cold	temperate—Oriental Sea	of	Japan None 5–7
Northeastern	Honshu None 6,	18,	28
Yellow	Sea 1–2,	17 None
Warm	temperate—Sino-	Japanese Sea	of	Japan 4 None
East	China	Sea 2–4;	8–13;	30–31 None
Central	Kuroshio	Current 14–15; 27 16
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Next,	we	predicted	the	assignment	of	thalli	from	one	region	to	an-




transformed	 “new	 data”	 using	 the	 centering	 and	 scaling	 of	 training	




Because	 both	 native	 and	 non-	native	 populations	 of	 Gracilaria 
vermiculophylla	 are	 out	 of	 Hardy–Weinberg	 equilibrium	 (Krueger-	
Hadfield	et	al.,	2016),	we	chose	to	use	Bayesian	model-	based	cluster-
ing	that	relaxes	the	HWE	assumption	as	implemented	in	the	software	
instruct	 (Gao,	 Williamson,	 &	 Bustamante,	 2007).	 Simulations	 were	
performed	using	 instruct	with	 a	model	 including	both	biparental	 in-
breeding	 and	 admixture,	where	 each	 individual	 drew	 some	 fraction	
of	its	genome	from	each	of	the	K	populations.	A	burn-	in	of	300,000	









relies	 on	 a	 similarity	 matrix	 between	 replicate	 runs.	 Next,	 clumpak 
identifies	an	optimal	alignment	of	 inferred	clusters	and	matches	the	
clusters	across	the	values	of	K	tested.















of	 which	 were	 described	 previously	 by	 Kim	 et	al.	 (2010).	 Three	
groups	 of	 haplotypes	 were	 identified	 with	 a	 maximum-	likelihood	
(ML)	 analysis	 based	 on	 19	 previously	 described	 haplotypes	 (Kim	
et	al.,	2010)	and	the	six	new	haplotypes	from	this	study.	The	three	
clades	 were	 heterogeneously	 distributed	 across	 the	 native	 range	
(Figure	S1a).	Two	clades	were	found	south	of	~35°N	latitude:	One	
consisted	of	10	haplotypes	including	haplotypes	1,	2,	3,	9,	10,	11,	






























Taken	 together,	 mitochondrial	 data	 suggest	 the	 region	 north	
of	 ~35°N	 latitude	 was	 the	 source	 of	 the	 widespread	 Northern	
Hemisphere	 invasion	 (Figure	1).	However,	we	 could	 not	 resolve	 the	
sites	that	contributed	to	the	invasion	at	finer	spatial	scales	due	to	the	
lack	of	mitochondrial	polymorphism	within	this	northern	native	region.
3.2 | Microsatellite structure across native and non- 
native ranges
The	ten	microsatellite	loci	revealed	profound	genetic	structure	within	
the	native	 range	 and	 identified	 cryptic	 genetic	 structure	 among	 and	
within	non-	native	coastlines	that	could	not	be	detected	with	mitochon-
drial	sequencing	alone.	We	focus	on	each	of	these	patterns	in	turn.







S3).	At	K = 5,	the	optimal	K	based	on	the	similarity	score	using	clumpak 





ferentiation	 among	 sites	 that	were	 close	 in	 proximity	 (i.e.,	 less	 than	
100	km)	 in	 the	 native	 range.	 Genetic	 differentiation	 in	 the	 native	
range,	as	measured	using	allele	identity	(FST)	and	allele	size	(ρST),	was	






(labeled	as	EUSA)	 thalli	 from	 the	northern	Japanese	 sites	and	other	
introduced	 shorelines	 along	 the	 second	 principal	 component	 axis,	




of	variation)	 principal	 component	 axes,	 respectively	 (Figure	2).	With	








FST ~ 0.33 and ρST	~	0.20;	Table	S4)	 than	was	seen	along	the	EUSA	
(average	FST ~ 0.15 and ρST	~	0.18;	Table	S4).	Significant	patterns	of	
isolation	by	distance	(IBD)	were	detected	along	WNA	and	EU	coast-
lines,	but	 IBD	was	only	marginally	 significant	 along	 the	EUSA	when	
measuring	differentiation	by	allele	 identity	 (FST;	Figure	S4,	Table	S4).	
In	 contrast,	 there	 were	 positive	 relationships	 between	 genetic	 dif-
ferentiation	 and	 geographic	 distance	 along	 the	EU	 and	EUSA	when	
measuring	differentiation	by	allele	size,	but	they	were	only	marginally	
significant	(ρST,	Figure	S4,	Table	S4).
It	 is	 likely	 that	 among-	site	 differentiation	within	 the	 non-	native	
range	reflected	complex	genetic	origins	that	differ	between	coastlines.	
Along	the	WNA	coastline,	the	Pacific	Northwest	(bam,	pmo,	and	ptw),	
Californian	 (bob	 and	 tmb),	 Elkhorn	 Slough	 (elk),	 and	 Ensenada	 (ens)	
sites	 were	 composed	 of	 different	 genetic	 clusters	 (Figure	3;	 Figure	
S3).	 Similarly,	 a	 neighbor-	joining	 clustering	 analysis	 of	 site-	level	 ge-
netic	distances	indicated	that	the	WNA	coastline	has	been	separately	






clusters	 (Figure	3,	 Figure	 S3).	 The	 exceptions	were	 the	 rocky-	shore	
sites	 of	 Long	 Island	Sound	 (lhp	 and	nyc)	 and	Narragansett	Bay	 (ris),	
which	seemed	to	have	genetic	constituents	more	closely	aligned	with	






nor)	versus	a	group	of	French	 (frl)	 and	Portuguese	populations	 (far),	
























space	created	by	genotypes	 from	native	 sites	 suggested	most	non-	
native	 thalli	 originated	 in	 three	 northern	 Japanese	 sites	 (791	 thalli;	
~83%):	 Soukanzan	 (sou),	 Mangoku-	ura	 (mng),	 and	 Akkeshi	 (akk,	
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most	closely	aligned	with	the	Pacific	shoreline	of	northeastern	Japan.	












with	 other	 EUSA	 sites.	 In	 addition,	 blind	 assignment	 of	 non-	native	
populations	onto	multivariate	DAPC	space	created	by	genotypes	from	
sites	 in	 the	native	range	and	two	of	 the	three	non-	native	coastlines	
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4.1 | Phylogeographic structure in the native range
In	 comparison	 with	 well-	studied	 biogeographic	 provinces,	 such	 as	
those	in	northeast	 (NE)	Atlantic,	 less	 is	known	about	the	evolution-
ary	history	of	the	organisms	that	inhabit	the	northwest	(NW)	Pacific	
and	it	is	not	clear	whether	hypotheses	drawn	from	patterns	in	other	
regions	apply	 (Cheang	et	 al.,	 2010).	Phylogeographic	 studies	 in	 the	
NW	Pacific	 have	been	biased	 toward	 commercially	 exploitable	 fish	
and	mollusks	 and	 the	majority	 have	 been	 underappreciated	within	
English-	language	journals	because	of	language	barriers	(Ni,	Li,	Kong,	&	
Yu,	2014).	The	existing	studies	reveal	that	phylogeographic	patterns	
complex	 due	 to	 intricate	 topography	 and	 dynamic	 current	 systems	 
(Wang,	1999).
The	marginal	 seas	of	 the	 South	China	 Sea,	 the	East	China	 Sea,	
and	 the	 Sea	 of	 Japan/East	 Sea	may	 have	 served	 as	 glacial	 refugia,	
although	intraspecific	variation	in	demographic	histories	is	common	
across	 taxa	 (Ni	 et	al.,	 2014).	 He,	Mukai,	 Chung,	 and	 Zhang	 (2015)	
found	 the	 amphibious	 mudskipper	 Periophthalmus modestus colo-
nized	northward	 from	the	South	China	Sea	 through	the	East	China	
Sea	along	the	coasts	of	Korea	and	Japan.	Other	studies	have	found	
higher	 haplotypic	 diversity	 in	 southern	 South	 Korea	 and	 southern	
Japan	 (i.e.,	 East	 China	 Sea)	 as	 compared	 to	Honshu	 and	Hokkaido	






We	 found	 three	 shallow	 clades	 among	mtDNA	 sequences,	 sug-




perate	 biogeographic	 provinces	 (Briggs	 &	 Bowen,	 2011;	 Spalding	
et	al.,	2007).	The	 “C”	clade	with	10	haplotypes	was	 found	predomi-










Although	 the	majority	of	 studies	have	 focused	on	broader	 scale	




genetically	 differentiated	between	populations	 of	Pterogobus	 gobies	









by	 genetic	 differentiation	 that	 corresponded	 to	 a	 large	 degree	with	
extant	 current	 patterns	 (Figures	3	 and	 S3).	 For	 example,	 the	 south-
ern	Japanese	sites,	from	southeastern	Kyushu	to	the	Chiba	Peninsula	
and	likely	isolated	by	the	Kuroshio	Current,	formed	a	large	cluster	with	












4.2 | Pathway of the oyster?
Gracilaria vermiculophylla	 invaded	 low-	energy,	 high-	salinity	 estuar-
ies	dominated	by	soft-	sediments	on	all	continental	margins	of	North	
America	 (Bellorin	 et	al.,	 2004;	 Kim	 et	al.,	 2010),	 habitats	 in	 which	
oysters	were	seeded	and	cultivated	in	huge	quantities	(Ruesink	et	al.,	
2005).	 However,	 the	 first	 records	 of	 G. vermiculophylla	 along	 the	
WNA,	 EUSA,	 and	 EU	 coastlines	 were	 1979	 (Bellorin	 et	al.,	 2004),	
1998	(Thomsen	et	al.,	2006),	and	1995	(Rueness,	2005),	respectively,	
which	are	decades	after	deliberate	oyster	movement	(Barrett,	1963;	
Ruesink	et	al.,	2005),	 leading	 to	speculation	 that	hull	 fouling	or	bal-
last	water	vectors	were	more	 likely	 (Ruiz,	Fofonoff,	Steves,	Foss,	&	
Shiba,	 2011;	 J.	 Carlton,	 personal	 communication).	 Although	 G. ver-
miculophylla	 thalli	 have	 been	 shown	 to	 survive	 desiccation	 (Nyberg	
&	Wallentinus,	 2009),	 they	 are	negatively	 buoyant	 and	 are	unlikely	







Our	 results,	 however,	 point	 to	 oyster	 transport	 as	 the	 main	
vector	 for	 the	spread	of	Gracilaria vermiculophylla.	Specifically,	our	
genetic	analyses	assigned	nearly	all	 introduced	algal	thalli	to	three	
prominent	 sites	 of	 oyster	 aquaculture	 (reviewed	 in	 Barrett,	 1963;	
Byers,	1999;	Ruesink	et	al.,	2005)	along	the	northeastern	coastline	
of	 Japan:	 Soukanzan	 (sou,	 Matsushima	 Bay),	 Mangoku-	ura	 (mng,	
Mangoku	Bay),	and	Akkeshi	(akk,	Lake	Akkeshi).	Anecdotal	evidence	
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suggests	that	oysters	introduced	to	Puget	Sound	were	from	Akkeshi	
(Galtsoff,	 1932)	 and	 that	 subsequent	 introductions	 to	 California	
(Barrett,	1963;	Chew,	1979)	and	France	(Goulletquer,	1998;	Maurin	
&	LeDantec,	1979)	were	mainly	from	Matsushima	Bay	(Chew,	1979).	
Moreover,	 sequencing	 of	 herbarium	 specimens	 has	 pre-	dated	 the	
first	 records	 of	 G. vermiculophylla	 thalli	 by	 several	 decades	 along	
the	WNA	 and	 EUSA	 coastlines	 (S.A.	 Krueger-	Hadfield,	 E.E.	 Sotka	
&	K.A.	Miller,	 unpublished	 data).	 First	 records	 now	 align	with	 the	







incidental	 introductions	 from	hull	 fouling	or	ballast	water	 as	play-






source	using	 genetic	markers	 (i.e.,	 the	mud	 snail	Batillaria attramen-
taria,	Miura	et	al.,	2006).	The	dearth	of	studies	that	identified	this	his-
torically	 important	 source	 region	 is	due	either	 to	poor	 resolution	of	
markers,	poor	sampling	of	native	range	populations,	or	both.	Our	study	
and	Miura	et	al.	(2006)	rigorously	sampled	the	native	and	non-	native	
ranges	enabling	 the	 identification	of	 intensive	oyster	aquaculture	as	
the	 source	populations,	while	 simultaneously	excluding	other	native	
sites	as	candidate	donor	regions.
While	 Crassostrea gigas	 has	 been	 introduced	 to	 the	 Southern	
Hemisphere	 (Ruesink	et	al.,	2005),	 there	are	no	records	of	Gracilaria 
vermiculophylla	 from	 these	 areas.	 However,	 there	 are	 known	 free-	
floating	populations	of	Gracilaria and Gracilariopsis	thalli	from	Argentina	





until	 representative	 thalli	were	barcoded	using	molecular	 tools	 (e.g.,	
Saunders,	2009).	 It	 is	possible	that	G. vermiculophylla	 thalli	are	cryp-
togenic	in	the	Southern	Hemisphere	and	simply	await	documentation.
4.3 | Complexity of introduction history






















facilities	 throughout	 Western	 Europe	 (Ruesink	 et	al.,	 2005).	 Other	




Daguin-	Thiébaut,	 Ballenghien,	 Bierne,	 &	 Viard,	 2013),	 respectively.	
The	similarity	of	European	sites	 to	some	WNA	and	EUSA	sites	sug-
gests	that	the	invasion	of	the	European	coastline	may	reflect	primary	














Although	the	first	records	of	EUSA	Gracilaria vermiculophylla only 




S.A.	 Krueger-	Hadfield	 &	 K.A.	Miller,	 unpublished	 data).	Crassostrea 
gigas	 was	 introduced	 to	 Maine	 and	 Massachusetts	 in	 1949	 and	
the	 1970s	 (Dean,	 1979;	 Hickey,	 1979),	 Connecticut	 in	 the	 1940s	
(Loosanoff	 &	 Davis,	 1963),	 New	 Jersey	 in	 the	 1930s,	 Delaware	 in	
1962,	and	Maryland	in	the	1970s	(Andrews,	1980).	Likewise,	the	ar-
rival	of	an	oyster	pathogen	in	the	Chesapeake	Bay	was	linked	to	rogue	
plantings	 of	 C. gigas	 from	 Japan,	 California,	 the	 northwest	 Pacific,	
or	 some	combination	of	 these	oyster	 cultivation	 regions	 (Burreson,	
Stokes,	&	Friedman,	2000).	Taken	together,	our	contemporary	genetic	
data	strongly	point	 to	 the	movement	of	oysters	as	 the	main	vector	
and	 pathway	 for	 moving	 Gracilaria vermiculophylla	 across	 oceanic	
basins.
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4.4 | Secondary spread within coastlines
Our	genetic	data	suggest	different	patterns	of	secondary	spread	once	
Gracilaria vermiculophylla	 invaded	the	 three	non-	native	coastlines	of	
the	 Northern	 Hemisphere.	 Along	 the	 WNA	 coastline,	 the	 genetic	
structure	 of	 G. vermiculophylla	 was	 the	 most	 profound,	 relative	 to	
other	continental	margins.	This	suggests	 that	multiple	primary	 inva-
sions	 arrived	 from	 Japan	 and	 that	 secondary	 spread	was	 likely	 less	
important	than	along	the	EUSA	and	EU	coastlines.	This	is	a	tentative	
conclusion,	 however,	 as	 the	 geographic	 extent	 of	 the	 introduction	
of	G. vermiculophylla	 is	 poorly	 characterized	 along	 the	WNA	 coast.	
In	 2015,	 for	 example,	 we	 found	 G. vermiculophylla	 in	 Bodega	 Bay	
(bob),	Tomales	Bay	(tmb),	and	San	Diego	(E.E.	Sotka	and	S.A.	Krueger-	
Hadfield,	 unpublished	 data).	 Grosholz	 and	 Ruiz	 (2009)	 documented	
the	dramatic	change	 in	abundance	of	what	they	called	Gracilariopsis 
sjoestedtii	in	Bodega	Harbor	as	a	result	of	the	invasion	of	the	European	
crab	 Carcinus maenas.	 They	 analyzed	 aerial	 photographs,	 but	 per-
formed	their	study	in	the	same	area	we	sampled	G. vermiculophylla in 
this	study.	An	herbarium	sample	at	the	Bodega	Marine	Lab	from	the	









Chesapeake	Bay	were	 the	 initial	 sites	 of	 introduction	 for	 the	 larger	
EUSA	invasion.	Rapid	colonization	southward	has	been	documented,	
such	as	throughout	the	estuaries	of	South	Carolina	(Byers	et	al.,	2012),	
possibly	 facilitated	 by	 the	 Intracoastal	Waterway	 and	movement	 of	
fishing	 vessels	 or	 leisure	 craft	 (Freshwater	 et	al.,	 2006).	 Consistent	
with	 this	 southward	 invasion	pathway,	 there	was	a	decline	 in	allelic	
diversity	from	Virginia	southward	to	Georgia	(Figure	4).
















observation).	 These	 sites	 also	 exhibited	 genetic	 signatures	 of	 exten-
sive	vegetative	 fragmentation	where	we	previously	 found	 few	unique	
genotypes	 (Krueger-	Hadfield	et	al.,	2016).	On	the	other	hand,	oysters	
have	 repeatedly	been	 introduced	 into	 the	German	Wadden	Sea	 from	
Portugal	 (Mayer-	Waarden,	 1964),	which	was	 reflected	 in	 the	 genetic	







is	 uncertain.	Natural	 current	patterns	may	 contribute	 to	 the	natural	
spread	of	thalli.	Spread	of	Crassostrea gigas	throughout	the	East	Frisian	
Wadden	Sea	may	be	 responsible	 for	 the	encroachment	of	Gracilaria 
vermiculophylla	 along	 the	 Jutland	 Peninsula	 (Schmidt	 et	al.,	 2008).	
Indeed,	G. vermiculophylla	is	often	found	near	oyster	farms	(Rueness,	
2005).	Other	studies	have	documented	the	arrival	of	non-	native	spe-









bor	 isolated	populations	of	G. vermiculophylla	 (F.	Weinberger	and	M.	
Hammann,	personal	observation).	Birds	have	also	been	known	to	use	







spread	 and	 abundant	 marine	 invaders	 in	 the	 Northern	 Hemisphere	
(Kim	et	al.,	2010;	Krueger-	Hadfield	et	al.,	2016;	Saunders,	2009)	and	
has	 transformed	 the	 ecosystems	 to	 which	 it	 has	 been	 introduced	
(Byers	 et	al.,	 2012;	 Thomsen,	 Wernberg,	 Tuya,	 &	 Silliman,	 2009).	
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Our	 identification	of	a	 source	 region	has	 implications	 for	under-
standing	 the	 evolutionary	 ecology	 of	 the	 Gracilaria vermiculophylla 
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